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Abstract

DNA topoisomerases are essential to modulate DNA topology during various cellular

genetic processes. The expression and distinct prognostic value of topoisomerase isoforms

in non-small-cell lung cancer (NSCLC) is not well established. In the current study, we have

examined the mRNA expression of topoisomerase isoforms by using Oncomine analysis

and investigated their prognostic value via the Kaplan–Meier plotter database in NSCLC

patients. Our analysis indicated that the expression level of topoisomerases in lung cancer

was higher compared with normal tissues. Especially, high expression of two topoisomerase

isoforms, TOP2A and TOP3A, was found to be correlated to worse overall survival (OS) in

all NSCLC and lung adenocarcinoma (Ade) patients, but not in lung squamous cell carci-

noma (SCC) patients. In a contrast, high expression of isoforms TOP1 and TOP2B indicated

better OS in all NSCLC and Ade, but not in SCC patients. Meanwhile, high expression of

TOP1MT and TOP3B was not correlated with OS in NSCLC patients. Furthermore, we also

demonstrated a relationship between topoisomerase isoforms and the clinicopathological

features for the NSCLC patients, such as grades, clinical stages, lymph node status, smok-

ing status, gender, chemotherapy and radiotherapy. These results support that TOP2A and

TOP3A are associated with worse prognosis in NSCLC patients. In addition, our study also

shows that TOP1 and TOP2B contribute to favorable prognosis in NSCLC patients. The

exact prognostic significance of TOP1MT and TOP3B need to be further elucidated. Com-

prehensive evaluation of expression and prognosis of topoisomerase isoforms will be a ben-

efit for the better understanding of heterogeneity and complexity in the molecular biology of

NSCLC, paving a way for more accurate prediction of prognosis and discovery of potential

drug targets for NSCLC patients.
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Introduction

Lung cancer is the most common cause of cancer-related deaths worldwide. Approximately

85% of lung cancer cases are non-small-cell lung cancer (NSCLC) mainly including lung ade-

nocarcinoma (Ade) accounting for nearly 40% of lung cancer and lung squamous cell carci-

noma (SCC) accounting for about 30% of lung cancer [1, 2]. Although standard chemotherapy

and better supportive care have improved overall survival and life quality, prognosis of

advanced NSCLC patients remains poor [3]. The poor prognosis is predominantly attributed

to the fact that high proportion of patients has reached advanced stage once diagnosed [4].

Thus, it is important to investigate underlying mechanisms of lung tumorigenesis and tumor

progression, as well as to identify potential prognostic biomarkers that could even be used as

drug targets. In return, such investigation would provide appropriate early diagnostic meth-

ods, better prognosis and more effective individualized therapeutic strategies for lung cancer

patients.

DNA topoisomerases are ubiquitous in eukaryotes, archaebacteria and eubacteria [5]. It is

well known that topoisomerases are regarded as magicians of the DNA world and play essen-

tial roles in modulating DNA topology [5, 6]. They are vital to cellular genetic processes and

have the ability to resolve the problems associated with DNA events such as transcription, rep-

lication, recombination, and other nuclear processes [7, 8]. Topoisomerases catalyze the

change of topological structures of the DNA by breaking and ligating the phospho-diester

bond, which mediate the instantaneous cleavage and reconnection of single or double stranded

DNA. Depending on their action mechanisms, topoisomerases are classified as type I and type

II categories [9–11]. Type I topoisomerase transiently cleaves one strand of double-stranded

DNA, making the other single chain pass through the gap and change the situation of DNA

supercoiled or helical deficiency. Type II breaks two strands and facilitates double-stranded

DNA passing through the cut-off site and then connecting the disconnected end [7, 11–13]. In

human, type I and type II are further divided into three subfamilies, IA (TOP3A and TOP3B),

IB (TOP1 and TOP1MT) and IIA (TOP2A and TOP2B) [14–16]. During DNA replication and

RNA transcription, type IA topoisomerases can only relax negative supercoiling of DNA,

whereas TOP1 and type IIA can relax not only negative but also positive supercoiling [5, 17].

However, TOP1MT knockout leads to increased negative supercoiling of mitochondrial DNA

(mtDNA) in mice [18]. Each topoisomerase has its unique biological function in the DNA

topology. For example, TOP1 is essential in DNA metabolism by relaxing DNA supercoils that

form during DNA transcription and replication [19]. TOP1MT is indispensable for modulat-

ing mtDNA replication and mitochondrial activities [20]. TOP2A alters the topology of DNA

and is vital for segregation of the replicated chromosomes at mitosis [21]. The exact function

of TOP2B is still unclear. Recently, new discoveries point that TOP2B can regulate gene

expression and cellular differentiation [22]. TOP3A is associated with DNA repair surveil-

lance, cell-cycle checkpoints regulation and genomic stability [23]. TOP3B is the newest mem-

ber of the topoisomerase family in humans, playing essential roles in relaxing negative

supercoiled DNA and maintaining the chromosome stability [24].

Unlike normal cells, topoisomerases exhibit high expression levels in tumor cells, paving a

foundation for the development of topoisomerase inhibitors to specifically target tumor cells.

Indeed, it has become a new hot spot that designing and developing small molecules to target

topoisomerases as potential new anti-tumor drugs. Until now, there have been some reported

drugs that inhibit topoisomerases, for example, TOP1 targeted drugs irinotecan and topote-

can, TOP2A targeted drugs doxorubicin and etoposide, and TOP2B selective inhibitor XK469

[6, 9, 25].
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Many studies have reported expression levels and prognostic value of TOP1 [26, 27] and

TOP2A in lung cancer patients [28–31]. However, the expression and prognostic effect of

other topoisomerase isoforms in lung cancer, such as TOP1MT, TOP2B, TOP3A and TOP3B,

remain to be investigated. In the current study, we for the first time comprehensively analyzed

the expression and prognosis of DNA topoisomerase isoforms in NSCLC. Such analysis will

have important clinical significance at early diagnosis of cancer as well as in cancer-related

individual care. Meanwhile, this may contribute to the development of more effective drug tar-

gets for treatment of NSCLC.

Material and methods

Oncomine analysis

Oncomine, a cancer microarray database and web-based data mining platform, aims to stimu-

late new discovery from genome-wide expression analyses and compare the transcriptome

data in most major types of cancer with respective normal tissues [32, 33]. The individual gene

expression level of TOP1A, TOP1MT, TOP2A, TOP2B, TOP3A and TOP3B was analyzed by

Oncomine. We compared mRNA levels of cancer vs. normal patient datasets. In this study, we

selected 1.5 fold change, p-value = 0.05, and top 10% gene rank as threshold. Then, the median

intensity and 10th and 90th percentile data from Oncomine about topoisomerase family genes

were plotted using Graphpad Prism software.

The Kaplan-Meier plotter

The prognostic significance of the mRNA expression of topoisomerase family genes in NSCLC

was evaluated using the Kaplan-Meier plotter (www.kmplot.com), an online database includ-

ing gene expression data and clinical data. In this database, data of lung cancer [34], ovarian

cancer [35], gastric cancer [36], and breast cancer [37] are available. With the purpose to assess

prognostic value of a specific gene, the patient samples were divided into two cohorts accord-

ing to the median expression of the gene (high vs. low expression). We analyzed the overall

survival (OS) of NSCLC patients by using a Kaplan-Meier survival plot. Briefly, the six genes

(TOP1, TOP1MT, TOP2A, TOP2B, TOP3A and TOP3B) were uploaded into the database

respectively to obtain the Kaplan-Meier survival plots, in which the number-at-risk was shown

below the main plot. Log rank p-value and hazard ratio (HR) with 95% confidence intervals

were calculated and displayed on the webpage. Then, we exported plot data as text and plotted

the Kaplan-Meier survival curve using Graphpad Prism software. The desired Affymetrix ID

of each gene in NSCLC was valid and summarized in Table A in S1 File. In this study, “array

quality control” was selected “exclude outlier arrays”.

Results

Using Oncomine analysis, we investigated mRNA levels of topoisomerase family genes in

human cancers. The number of up-regulation datasets was found more than the number of

down-regulation datasets for most topoisomerase isoforms except TOP3B in various types of

tumors compared with normal tissues (Table B in S1 File). The similar statistical pattern was

found in lung cancer vs. normal tissues, as shown in Table C in S1 File.

The mRNA levels of TOP1 in both Ade and SCC were higher than in normal tissues (Fold

changes were 2.441 and 1.784, respectively) (Fig 1A and 1B). Similar to TOP1, up-regulation

of TOP1MT was also found in both Ade and SCC (Fold changes were 1.807 and 1.814 respec-

tively) (Fig 1C and 1D). Moreover, the increased degree of the TOP2A mRNA level was more

substantial in Ade (Fold changes was 11.812) (Fig 1E) as well as SCC (Fold changes was
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23.689) (Fig 1F). Although the mRNA level of TOP3A was increased in Ade (Fig 1G), similar

gene increment was not observed in SCC. Compared with normal tissues, the mRNA level of

TOP2B was not found to have an apparent change in both Ade and SCC although its level was

increased in small cell lung carcinoma and lung carcinoid tumor (Table D in S1 File). Taken

together, all data confirmed that topoisomerase family genes were up-regulated in lung tumors

compared to normal tissues, as shown in Table D in S1 File.

Next, we studied the relationship between mRNA expression of topoisomerases and clinical

outcome using a Kaplan–Meier plotter (www.kmplot.com). Firstly, the prognostic value of

TOP1 expression was examined. Survival curves were plotted for all NSCLC patients (Fig 2A),

Ade patients (Fig 2B), and SCC patients (Fig 2C). TOP1 mRNA high expression was found to

be correlated to significantly better OS for all NSCLC patients (HR 0.7 [0.61–0.8], p = 1.2e-07).

In addition, TOP1 mRNA high expression was also found to be correlated to significantly

Fig 1. Topoisomerase family genes analysis in lung Adenocarcinoma (Ade) and Squamous Cell lung Carcinoma (SCC) (Oncomine database).

Figures were derived from gene expression data in Oncomine comparing expression levels of topoisomerase family genes in normal (left plot) and cancer

tissue (right plot) and plotted using Graphpad Prism software. Y-axis represents the median intensity, 10th and 90th percentile data. (A) Comparison of

TOP1 mRNA expression in Ade. (B) Comparison of TOP1 mRNA expression in SCC. (C) Comparison of TOP1MT mRNA expression in Ade. (D)

Comparison of TOP1MT mRNA expression in SCC. (E) Comparison of TOP2A mRNA expression in Ade. (F) Comparison of TOP2A mRNA expression in

SCC. (G) Comparison of TOP3A mRNA expression in Ade.

https://doi.org/10.1371/journal.pone.0174515.g001
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better OS in Ade (HR 0.53 [0.41–0.69], p = 9.7e-07), but not in SCC patients (HR 0.84 [0.66–

1.08], p = 0.17). Then, we examined the prognostic significance of the TOP1MT expression,

and found that mRNA high expression was not associated with OS for all NSCLC patients (HR

1.14 [0.96–1.35], p = 0.13) (Fig 3A). In addition, TOP1MT mRNA high expression was not

associated with OS in both Ade (HR 0.99 [0.77–1.27], p = 0.92) (Fig 3B) and SCC patients (HR

1.09 [0.79–1.51], p = 0.6) (Fig 3C).

The prognostic value of the expression of TOP2A in www.kmplot.com was also analyzed,

as shown in Fig 4. TOP2A mRNA high expression was found to be correlated to significantly

shorter OS for all NSCLC patients (HR 1.49 [1.31–1.7], p = 2.6e-09) (Fig 4A). In addition,

TOP2A mRNA high expression was only found to be correlated to significantly shorter OS in

Ade patients (HR 1.6 [1.25–2.05], p = 0.00017) (Fig 4B), but not in SCC patients (HR 0.92

Fig 2. The prognostic value of TOP1 expression. (A) Survival curves were plotted for all NSCLC patients (n = 1726). (B) Survival curves were

plotted for Ade patients (n = 591). (C) Survival curves were plotted for SCC patients (n = 492). Data was analyzed using Kaplan-Meier Plotter.

Patients with expression above the median are indicated in red line, and patients with expressions below the median in black line. HR means

hazard ratio.

https://doi.org/10.1371/journal.pone.0174515.g002
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[0.72–1.17], p = 0.5) (Fig 4C). Contrary to TOP2A, high mRNA expression of TOP2B showed

favorable OS for all NSCLC patients (HR 0.88 [0.77–1], p = 0.059) (Fig 5A). In addition,

TOP2B mRNA high expression was significantly associated with better OS only in Ade

patients (HR 0.53 [0.41–0.68], p = 2.6e-07) (Fig 5B), but not in SCC patients (HR 1.09 [0.85–

1.4], p = 0.48) (Fig 5C).

Then, the prognostic effect of the expression of TOP3A in www.kmplot.com was also

assessed. It was found that high mRNA level of TOP3A predicted worse OS for all NSCLC

patients (HR 1.13 [0.99–1.28], p = 0.076) (Fig 6A). In addition, high transcriptional expression

of TOP3A was only found to be correlated to significantly worse OS in Ade patients (HR 1.47

[1.15–1.88], p = 0.0017) (Fig 6B), but not in SCC patients (HR 1 [0.78–1.28], p = 0.99) (Fig

6C). The prognostic value of the expression of TOP3B in www.kmplot.com was examined as

Fig 3. The prognostic value of TOP1MT expression. (A) Survival curves were plotted for all NSCLC patients (n = 984). (B) Survival curves were

plotted for Ade patients (n = 549). (C) Survival curves were plotted for SCC patients (n = 239). Data was analyzed using Kaplan-Meier Plotter.

Patients with expression above the median are indicated in red line, and patients with expressions below the median in black line. HR means hazard

ratio.

https://doi.org/10.1371/journal.pone.0174515.g003
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well. However, the curves showed that TOP3B expression above or below the median in all

NSCLC patients did not separate cases into significantly different prognostic cohorts (HR 0.97

[0.85–1.11], p = 0.67) (Fig 7A). In addition, the curves also did not show any difference in both

Ade patients (HR 0.84 [0.66–1.08], p = 0.17) (Fig 7B), and SCC patients (HR 1.04 [0.81–1.33],

p = 0.76) (Fig 7C).

We finally made further efforts to investigate the relationship between topoisomerase iso-

forms and clinicopathological features for the NSCLC patients, such as grades, clinical stages,

lymph node status, smoking status, gender, chemotherapy and radiotherapy. As showed in

Table E in S1 File, TOP1 was found to be associated with significantly better OS in grade II

NSCLC patients. Nevertheless, the TOP2A was correlated to significantly worse OS in grade

II, III NSCLC patients. From Table F in S1 File, TOP1MT, TOP2A and TOP3A were found to

be correlated to significantly worse OS in all stage I NSCLC patients while the expression of

Fig 4. The prognostic values of TOP2A expression. (A) Survival curves were plotted for all NSCLC patients (n = 1726). (B) Survival curves

were plotted for Ade patients (n = 591). (C) Survival curves were plotted for SCC patients (n = 492). Data was analyzed using Kaplan-Meier

Plotter. Patients with expression above the median are indicated in red line, and patients with expressions below the median in black line. HR

means hazard ratio.

https://doi.org/10.1371/journal.pone.0174515.g004
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TOP1 and TOP2B indicated significantly better OS in stage I, II and II NSCLC patients respec-

tively. As shown in Table G in S1 File, TOP2A and TOP3B were significantly associated with

lymph node status of NSCLC patients. All the individual topoisomerases except TOP1MT and

TOP3B were significantly associated with smoking status of NSCLC patients (Table H in S1

File). Meanwhile, TOP1, TOP2A and TOP3A were significantly associated with gender of

NSCLC patients (Table I in S1 File). TOP1, TOP2A and TOP2B were significantly correlated

to chemotherapy of NSCLC patients (Table J in S1 File). However, none of the topoisomerases

was associated with radiotherapy of NSCLC patients (Table K in S1 File).

Discussion

TOP1 plays a key role in cellular genetic processes, particularly modulating DNA topology,

which is essential to proliferation of tumor cells [19]. Numerous researches have reported that

Fig 5. The prognostic value of TOP2B expression. (A) Survival curves were plotted for all NSCLC patients (n = 1726). (B) Survival curves were

plotted for Ade patients (n = 591). (C) Survival curves were plotted for SCC patients (n = 492). Data was analyzed using Kaplan-Meier Plotter.

Patients with expression above the median are indicated in red line, and patients with expressions below the median in black line. HR means hazard

ratio.

https://doi.org/10.1371/journal.pone.0174515.g005
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TOP1 is over-expression in various kinds of human tumors [38–41]. Increasing evidences

demonstrate that TOP1 protein level, gene copy number, and mRNA expression are signifi-

cantly correlated to unfavorable prognosis in most types of tumor [26, 42, 43]. However, the

prognostic effect of TOP 1 in some tumors was controversial. For example, TOP1 was found

to be associated with favorable prognosis in stage III colorectal cancer patients [44], while it

did not have prognostic significance in gastric cancer patients [45]. Our results demonstrated

that the increased expression of TOP1 was found to be correlated to significantly better OS for

all NSCLC patients as well as in Ade, but not in SCC patients. Some literatures revealed that

the expression level of TOP1 was not assosiated with clinicopathological features for the

NSCLC patients, such as histology type, tumor differentiation and nodal status [26]. However,

in our study, TOP1 mRNA high expression indicated a better OS for NSCLC patients with

Fig 6. The prognostic value of TOP3A expression. (A) Survival curves were plotted for all NSCLC patients (n = 1726). (B) Survival curves were

plotted for Ade patients (n = 591). (C) Survival curves were plotted for SCC patients (n = 492). Data was analyzed using Kaplan-Meier Plotter.

Patients with expression above the median are indicated in red line, and patients with expressions below the median in black line. HR means

hazard ratio.

https://doi.org/10.1371/journal.pone.0174515.g006
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high grade II and stage (I, II). Furthermore, TOP1 was also associated with smoking status,

gender, and chemotherapy of NSCLC patients.

Recent study has found that isoform TOP1MT is only present in mitochondria of verte-

brates while other isofoms can be found in both mitochondria and nucleus [15, 46, 47]. Thus,

TOP1MT is essential to the regulation of mtDNA replication and mitochondrial activities

[20]. The embryonic fibroblasts from TOP1MT knockout mice was found to show dysfunc-

tional mitochondrial respiration and a marked increase of ROS production, glycolytic activity

and fatty acid oxidation [48]. To the best of our knowledge, there has not been any paper veri-

fying the prognostic value of TOP1MT in lung cancer. In our results, the high expression of

TOP1MT seemed irrelevant to OS of NSCLC patients. However, increased expression level of

TOP1MT was correlated to better first progression (FP) for Ade patients (HR 0.69 [0.48–0.99],

p = 0.044), but indicated worse postprogression survival (PPS) for NSCLC patients (HR 1.91

Fig 7. The prognostic value of TOP3B expression. (A) Survival curves were plotted for all NSCLC patients (n = 1726). (B) Survival curves were

plotted for Ade patients (n = 591). (C) Survival curves were plotted for SCC patients (n = 492). Data was analyzed using Kaplan-Meier Plotter.

Patients with expression above the median are indicated in red line, and patients with expressions below the median in black line. HR means

hazard ratio.

https://doi.org/10.1371/journal.pone.0174515.g007
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[1.14–3.19], p = 0.012) and Ade patients (HR 1.76 [1–3.1], p = 0.047). Meanwhile, its high

expression in stage I patients was correlated to worse OS in NSCLC patients. More efforts are

highly needed to further elucidate the exact prognosis of TOP1MT for malignancies.

TOP2A has been found to be aberrantly expressed in a variety of solid tumors [38, 39, 49,

50], and it plays an important role in occurrence and development of malignant tumors. The

enzyme is mainly located at the nucleus of proliferating cells, and its expression level in prolif-

erating cells is several folds of the one in the resting cells [51–53]. To a certain extent, the

expression level of TOP2A reflects the proliferation status of tumors. The high expression of

TOP2A in tumor tissue predicted poor prognosis in some tumor patients [28, 54–56] and also

promoted lymph node metastasis and distant metastasis in malignant tumors [29, 57]. There

was not a statistically significant association of TOP2A expression with clinical parameters,

such as age, gender or pathological tumor stage [30, 31]. In our study, over-expression of

TOP2A was associated with significantly worse OS in all NSCLC patients as well as Ade

patients, but not significantly worse OS in SCC patients. In addition, for NSCLC patients with

high pathological grade (II, III) and only stage I, TOP2A mRNA high expression indicated a

worse OS. Meanwhile, TOP2A was found to be associated with lymph node status, smoking

status, gender and chemotherapy of NSCLC patients.

The role of TOP2B is still ambiguous, and there are only limited reports about the correla-

tion between the expression level of TOP2B and prognosis of cancer patients. Unlike TOP2A,

the expression of TOP2B is detected throughout the cell cycle and does not have significant

difference between tumors and normal lung tissue [39, 58, 59]. Knockout of TOP2B in mice

impaired the development of appropriate neural innervation of skeletal muscle, implying that

this enzyme might be crucial to mammalian neural development [21, 60]. There are large pop-

ulations of cells in solid tumors with slow proliferative activity and high level of TOP2B, and

these specific cells can be targeted by TOP2B selective inhibitors [22, 25]. Moreover, some

studies indicated that the reduced TOP2B expression has an association with evolution of drug

resistance [25, 61, 62]. TOP2B, rather than TOP2A, was primarily responsible for the develop-

ment of secondary malignancy after treatment with the DNA topoisomerase II targeting drugs

[63]. Song and co-workers showed that TOP2B high expression was correlated with favorable

outcome in acute myeloid leukaemia patients [64]. In our results, the high expression of

TOP2B statistically showed favorable OS for NSCLC patients. In addition, the high expression

of TOP2B was found to be correlated to better OS in Ade patients and also indicated a longer

OS in only stage II patients. TOP2B was also found to be associated with smoking status and

chemotherapy of NSCLC patients in our analysis.

The biologic role and the prognostic effect of TOP3A and TOP3B in cancer patients are still

poorly understood. TOP3A is involved in DNA repair surveillance, regulates cell-cycle check-

points, and prevents genomic instability [23]. It was reported to be inversely associated with

tumorigenesis in vitro and in vivo studies. The binding of TOP3A to both p53 and p21 pro-

moter regions promoted the expression of p53 and p21, and mediated tumor suppression in a

p53-dependent manner [65]. However, our data analysis implied that over-expression of

TOP3A was associated with worse OS in all NSCLC patients as well as in Ade, but not in SCC

patients. In addition, high expression of TOP3A indicated a worse OS in only stage I NSCLC

patients, and the enzyme was also associated with smoking status and gender of NSCLC

patients.

TOP3B, the newest member of the topoisomerase family in humans, plays an essential role

in chromosome stability, and it can relax negative supercoiled DNA and resolve transcription-

generated R-loops [24]. It has been demonstrated that TOP3B knockout cells decreased their

repair capacity of double-strand breaks and increased histone gamma-H2AX phosphorylation

level compared to control cells [66]. The expression of TOP3B in cells could be considered as a
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marker of proliferation [67]. High expression of TOP3B was reported to be correlated to worse

disease-specific survival and metastasis-free survival in patients with invasive breast cancers

[68]. In our results, mRNA high expression of TOP3B was not found to be correlated to OS for

NSCLC patients. However, high expression level of TOP3B predicted worse PPS for NSCLC

patients (HR 1.3 [0.99–1.7], p = 0.063). In addition, TOP3B was associated with lymph node

status of NSCLC patients.

Conclusion

In conclusion, the mRNA expression level of topoisomerase isoforms in lung tumor is higher

than in normal tissues by using Oncomine analysis. Using the Kaplan-Meier plotter, we dem-

onstrate that high expression of TOP2A and TOP3A is correlated to worse OS in all NSCLC

patients as well as in Ade, but not in SCC patients. However, high expression of TOP1 and

TOP2B is found to be associated with better OS in all NSCLC patients as well as in Ade, but

not in SCC patients. In addition, OS in all NSCLC patients is not correlated to the expression

of TOP1MT and TOP3B. It is worth noting that our current data obtained from Oncomine

mainly focus on the mRNA expression of topoisomerase isoforms and their protein expression

level examination in further study would be useful to verify our current data analysis. There-

fore, comprehensive evaluation of the expression and prognosis of topoisomerase isoforms

will be benefit for better understanding of the heterogeneity and complexity in the molecular

biology of NSCLC, paving a way for more accurate prediction of prognosis and discovery of

potential drug targets for NSCLC patients.
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